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ABSTRACT 


In order to increase the optical features of white light-emitting diodes 
(WLEDs), quantum dots (QDs) and phosphor materials have been proposed 
because of outstanding performance. The configuration of WLEDs with QDs 
layer and phosphor-silicone layer suggested placing these components 
separately to limit light loss, and enhance consistency at contact surface of 


QDs. In this research, the effects of QDs and phosphor on the performance of 
WLEDs are concluded through experiments. The emitted light and PL spectra 
Keywords: were examined thoroughly, and infrared thermal imagers were applied to 
ee simulate the heat generation of an actual WLED device. The results show that 
BazLi2Si207:Sn*™,Mn** with the configuration of 60 mA energy source, WLEDs which has the QDs- 
Bright efficacy on-phosphor form attained luminous efficiency (LE) of 110 Im/W, with color 
Mie-scattering theory rendering index (CRI) of Ra=92 and R9=80, whereas the WLEDs which has 
NaB2O4:Mn7* the phosphor-on-QDs form only has 68 Im/W in LE, Ra=57 and R9=24. 
Triple-layer phosphor Furthermore, WLEDs which has the QDs-on-phosphor form has less high 
temperature generated at the components’ conjunction in comparison to the 
counterpart, the peak generated heat in QDs-on-phosphor WLEDs is also 

lower and the heating capacity gap between 2 structures can go up to 12.3°C. 
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1. INTRODUCTION 

Phosphor converted-light-emitting diodes (pc-LEDs) is a part of solid-state lighting (SSL) and flat 
screen, which has received much attention in recent time for their ability to achieve high performance quality 
while having fairly simple fabrication process and low production cost [1]-[3]. The pc-LEDs are mostly 
created through integration of chromatic radiations from blue LED chip and yellow phosphor Y3A15012:Ce°* 
(Y AG: Ce). The phosphor material will convert come of the blue light to yellow light, and the combination of 
blue light and yellow light leads to the emission of white light. This method of pc-LEDs fabrication earns its 
popularity by performing high luminous efficacy (LE) but is rather poor in color quality due to the lack of 
chromatic material to improve the color rendering index (CRI) [4]. To advance further with pc-LEDs in 
lighting industry, researchers have proposed methods adding phosphor material that can compensate for the 
lack of chromatic light and improve color rendering abilities of pc-LEDs [5]-[8]. However, the spectral 
emission range of red phosphor is not suitable for white light LEDs and negatively affects the LE [8], [9]. 
Recently, semiconductor quantum dots (QDs) in SSL applications have attracted numerous researches with 
their potential to enhance pc-LEDs with strait spectral emission, adjustable bandgap and elevated light 
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emission rate [10]-[13]. The addition of QDs into pc-LEDs has been proven through experiments to be 
advantageous to CRI and chromatic performance, and even high light output with the emission wavelength of 
QDs [14]-[16]. QDs can be merged in pc-LEDs whether through coating a compound of phosphor-silicone 
gel and QDs onto the chip of the LED or apply remote structure and coat the QDs layer and phosphor layer 
distinctively [17]-[20]. In the method that blends the components together, QDs is placed into reflection cup 
and close to the LED chip. The lack of distance between the QDs and the chip (high energy source) causes 
the deficiency in QDs’ stability and lighting output owing to the high thermal generation. The remote type 
that provides QDs film and the chip a suitable distance, on the other hand, is less affected by the power 
source, and the discrepancy between the components can be solved through alteration of QDs surrounding 
environment [21], [22]. This finding suggests that the remote packaging structure should be prioritized in the 
fabrication process of WLEDs with QDs and phosphor. Thus, the remote structure is proposed in this 
structure for the QDs-phosphor WLED package. The point is to prevent the heat damage to the QDs while 
remaining its efficiency. Moreover, we also investigated the two types of remote structure, dual-layer and 
triple-layer remote structures, to figure out which one is more efficient in terms of WLED optical 
improvements. The green BazLi2Siz07:Sn**,Mn7* and red NaB2O4:Mn** phosphors are used to simulate the 
QDs-remote phosphor structures. The influences of these phosphor on the WLED packages are analyzed to 
provide a more in-depth understanding on the use of phosphor materials. The objective of this article is to 
demonstrate the suitable remote phosphor structure for the QDs-WLED package to enhance their efficiency, 
which helps manufacturers to determine the optimal structure that completely fulfill their goals. 


2. METHOD OF RESEARCH 
2.1. Preparation of materials from phosphor 

To conduct the experiment, we must first obtain the phosphor material which will be presented in 
this section. The green BazLi2Si207:Sn°**,Mn”* phosphor is created through 4 steps: mixing, and 3 consecutive 
firing processes. The BaCO3, SiO2 and LizCO3 ingredients of the green phosphor are blended to create a 
compound through milling or dry grinding. Put the mixture of ingredients from previous step in open boats 
and fire with H2 at 850°C for an hour. Then add in the remaining ingredients SnO, MnCO3, NH,Br, and 
methanol, begin to stir the compound until it is mixed well. After that, leave the compound to dry and grind 
into powder [23], [24]. The powder will then be placed in capped quartz tube and fired with N2 at 850°C for 
an hour. Repeat to grind the product from previous step to powder and procced with the final firing process in 
uncovered quartz boats with CO at 850°C for 16 hours. Grind the compound into powder and store in 
container with seal to avoid contamination. The resulted green phosphor will have green color emission and 
emission peak of 2.32 eV. Table 1 demonstrates the chemical composition for the BazLi2SixO7:Sn**,Mn** 
phosphor. The fabrication of red phosphor NaB2O.:Mn”** is introduced with 3 steps. First, the compound of 
ingredient is formed through grinding or milling. Then fire the compound in uncovered quartz boat with N2 at 
500°C and then powderize the product. Begin to another firing process in uncovered quartz boat with N2 at 
700°C for an hour and then grind the result into powder. Next, prepare for a firing process in open quartz 
boat with N2, however, the firing period and temperature are decided by the type of structure with a structure is fired 
at 1000°C for 2 hours and ß structure is fired at 850°C for 4 hours. The completed red NaB204:Mn”* 
phosphor will have red color light emission and 1.88 eV or 2.11 emission peaks. The chemical composition 
of NaB2O4:Mn”* is shown in Table 2. 


Table 1. Chemical composition of green phosphor BazLi2Si207:Sn**,Mn7* 
Ingredient Mole % By weight (g) 


BaCO; 93.5 185 
SiO» 110 (of Li) 41 
Li CO; 110 66 
SnO 5 6.8 
MnCO; 1.5 1.7 
NH4Br 50 49 


Table 2. Chemical composition of red phosphor NaB2O4:Mn7* 
Ingredient Mole % By weight (g) 


MgO 98 40 
MnCo; 2 23 
H3BO; 205 127 
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2.2. Simulation process 

The polymer matrix is an important part of the research and in this case, we chose the polymethyl 
methacrylate (PMMA) for the QDs film. The preparation process of QDs-PMMA film is supported by the 
situ polymerization method. The ingredients of MMA monomer 10 ml and azodiisobutyronitrile (AIBN, 
0.2% wt/wt as for MMA) 25 ml are put into a three-neck flask and being stirred to dissolve the AIBN 
entirely. Later, 20 mg of CdSe/ZnS QDs as-prepared solvated in toluene added to the flask through small 
drops and then blend is distributed evenly using ultrasound treatment. In the next step, place the flask into the 
70°C thermostatic water bath for 15 min until the blend start to become denser, and then proceed to cool the 
mixture. The mixture will be placed into a mold and being vacuumed for 24 hours in the oven at 45°C. The 
final result was divided into squares in order to be applied for the module of LED. The phosphor-silicone 
membrane is processed with an ordinary heat treating method. At first 0.3 g of YAG phosphor with 
maximum emission wavelength of 550 nm (bought from Intermatix) and 1 g of silicone gel (OE 6550, bought 
from Dow Corning) was 20-min merged and stirred before distribution. The alternating cycles of vacuum 
were applied during the stirring process to remove the bubbles. After the steps above, the mixture will be put 
in designed mold and vacuumed in oven at 150°C for 1 hour. The final product is also modified into squares. 
The WLEDs device is created by pouring clean silicone gel into the interior gap of 2835 SMD LED, and then 
placing the QDs layer and/or phosphor membrane into the structure and treating the configuration with heat 
at 120°C for 30 minutes. 

Each layer of phosphor is fixed at 0.08 mm thickness. Besides, the YAG:Ce** in the configuration is 
also an essential detail, therefore, it must be changed accordingly to the fluctuation of concentration of green 
or red phosphor to uphold the average correlated color temperatures (ACCTs). Additionally, at each varied 
ACCT of structure of phosphor, the YAG:Ce** concentrations are various, which makes the variety of 
scattering specificity within WLEDs. Moreover, this discrepancy leads to the differences in optical 
properties, see Figure 1. 
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Figure 1. Illustration of white LEDs multi-layer phosphor structures, (a) dual-layer phosphor (DL), 
(b) triple-layer phosphor (TL) 


From Figure 2 and Figure 3, the amount of yellow phosphor YAG:Ce** of DL structure is higher 
than TL structure regardless of ACCTs. The high amount of YAG:Ce**in the package will cause more light 
loss due to back-scattered and lower the luminous flux at all color temperatures. In addition, excessive 
YAG:Ce** leads to low quality of emitted light because the chromatic light components of yellow, red, and 
green are not balanced. The proposed solution for back-scattering is to increase the red component which is 
available in red phosphor. On the other hand, green phosphor is effective in terms of chromatic uniformity 
and light output enhancement. The triple-layer distant phosphor with three distinct phosphor layers of red, 
yellow, and blue seems to be the appropriate structure regarding the its effects on optical performance of 
WLEDs. However, the performance of TL structure must be considered through practical scenario before 
concluding, thus, the following section will demonstrate experiments conducted to provide references for TL 
structure efficiency. 
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Figure 2. The concentration of yellow YAG:Ce** phosphor in each distant phosphor structure at each 
dissimilar ACCT, (a) DL, (b) TL 
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Figure 3. Emission spectra of phosphor configurations 


3. RESULTS AND ANALYSIS 

Figure 4 illustrates that CRI in dual-layer (DL) is higher than triple-layer (TL) when both structures 
are in remote phosphor configurations. The higher CRI at all ACCT of DL proves that DL is optimal for CRI 
and is still effective in WLEDs at 8500 K. With this result, the manufactures can easily improve CRI for 
remote phosphor structures, especially, for devices over 7000 K, which is still considered challenging. The 
advantage in CRI is contributed by red NaB204:Mn” phosphor layer. The TL structure is not as effective as 
DL in terms of CRI, therefore, in mass production of WLEDs with high CRI, the DL structure is the more 
efficient choice. However, CRI in comparison with CQS does not have the same value. CQS which combines 
three factors: CRI, choices of viewers, and chromaticity coordinate, is more reliable and thorough quality 
indicator for WLEDs. Many researchers have been using CQS in their research and even prioritize this scale 
when evaluating the chromaticity of WLEDs. In this study, we studied the CQS and presented them in 
Figure 5 for reference. From the results, TL with three colors red, yellow and green is able to control the 
color quality far better than DL and therefore achieves higher CQS. 

Figure 5 suggests that WLEDs with high color quality should be created with TL structure because 
TL has higher CQS and higher CQS means better chromatic performance. However, most WLEDs with 
higher color quality will suffer some light output damage. To investigate this theory on TL light output, we 
compare the emitted luminous flux between the dual-layer and triple-layer structures, see Figure 6. In this 
part, the mathematical model of the passed through blue light and transformed yellow light in the triple-layer 
phosphor form are demonstrated in details to discuss the improvement that can be yielded from these parts. 
The passed through blue light and transformed yellow light for double-layer remote package with the 
phosphor layer thickness of h are expressed as [25], [26]: 


PB, = PBye “82"e~%82" = PBye**B2" (1) 
PY, = 1 B2PBo [e~av2h — e~%B2h) e—ay,h ie B2PBo [e 7th — e7%B2ħ] 
2aB,—-ay, 2aB,—ay, (2) 
— 1_f2PBo e~2ay,h _ e~ 2B, h) 
2aB,—ay, 
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Figure 4. Color rendering index of phosphor configurations in accordance with ACCTs, (a) DL, (b) TL 
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Figure 5. Color quality scale of phosphor configurations in accordance with ACCTs 


The passed through blue light and transformed yellow light for three-layer remote package with the phosphor 
layer thickness of - are determined in following expressions: 
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In these expressions above, the thickness of each phosphor layer is called A. The subscripts as “2” 
and “3” are used to depict double-layer and triple-layer distant phosphor structures, respectively. / indicates 
the conversion coefficient for blue light transforming to yellow light. y is the reflection coefficient of the 
yellow light. The light intensity from blue LED which includes the intensities of blue light (PB) and yellow 
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light (PY), presented by PBo. ag; ay are parameters depicting the fractions of the energy loss of blue and 
yellow lights during their spread in the phosphor layer in turn. In addition, PY’; in expression (4) describes 
the yellow transmitted light going through two layers of phosphor. With the triple-layer phosphor form, the 
lighting efficiency of pc-LEDs is promoted greatly in comparison with a dual-layer one: 


(PB3—PY3)—(PBy+PY>) _ e 2°83" — e~7?%B2” 


(PB2+PY2) e 2438 _ o72%B2h > 0 (6) 
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Figure 6. Luminous output (LO) of phosphor configurations in accordance with ACCTs, (a) DL, (b) TL 


The angular dependency of each component was demonstrated means the relation between the 
component position and emission spectrum exist. The large-wavelength in the spectra are uniformly 
distributed, while at lower wavelengths the performance will vary depends on the angle. Moreover, the 
alternating distribution model of the green part and the sudden variation in the distribution of the blue 
counterpart can be explained by different reasons. Some of the reasons are the particles scattering of the 
component wavelengths, comparative transparency of the segmented plates, and the organization of the 
materials plates. The similarities in the amount and position of the green BazLi2Six07:Sn**,Mn** and red 
NaB204:Mn”* phosphors proven that the theory is true. In addition, the higher light scattering at high angles 
verified that phosphor-to-glass ratio applied in each material plate impacts the intensity distribution of the 
colors in the configuration. The results suggest that the angular dependence from previous section can be 
optimized by modifying the process of the PiG. In particular, the blue light relative intensity would be 
estimated, instead of managing the chromatic discharge by changing the proportion of the green to red 
phosphors in the correlative components. The green BazLi2Six07:Sn**,Mn”* has more phosphor particles than 
the other phosphor gives bright green emission and decreases the transparency of the blue part of the 
spectrum. This assumption is proven by the evidence from the fairly intensity distribution of the component 
colors from different angles. Low phosphor concentration in green part of the PiG is the cause for angular 
dependence reduction of the blue light because it allows more blue emitted light to escape than higher 
phosphor concentrations. The angular reliance of both the green and blue components is impacted by the 
actual amount of light escape the configuration. In addition, because blue light are mostly converted by green 
phosphor layer therefore, was not received much attention. Nevertheless, the highest intensity of the blue part 
appears when there are red components from the chromatic plate. This comes from the 1:2 proportion 
between red and green phosphor that makes large amount of the emitted blue light to be transmitted through 
the red part. Accordingly, the high-intensity area of the green and blue occurs in alternating quadrants of the 
polar diagram. 

These outcomes show that the distant configuration can be used for spectral properties adjustment, 
which is the reason why remote WLEDs is replacing conventional LED packaging in modern lighting. This 
means CIE can be enhanced through correct structure and method of fabrication in addition to other factors 
such as particles sizes and layer thickness. The angular dependence of light output exists mostly because of 
PiG material traits. In addition, the design and fabrication that separate and create layers of the PiG will leads 
to more innovative LED design; the changeable optical characteristics will also be achievable. The 
4-segmented PiG currently being used can potentially be divided into eight even segments to place at 45° of 
the center of a colored segment angle with distinct color. This luminescence can be further improved through 
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angular dependence reduced from this structure. Furthermore, in case the radiation from blue LED chips 
creates an angular-dependent light instead of homogeneously distributed light, then the comparative angular 
wideness of the components with tunable chromaticity can alter, see Figure 7. 
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Figure 7. Correlated color temperature deviation (D-CCT) of distant phosphor configurations in accordance 
with ACCTs 


4. CONCLUSION 

In this study, we proposed theory and conducted experiments to evaluate the performances of multi- 
layer remote WLEDs, one with two phosphor layers and the other with three layers. The total lighting 
capacity and PL spectra were examined with the calculation results achieved from integrating sphere 
formation. The degree of hotness fields was replicated by putting the optical measurements into heat 
imitation, and eventually validated by infrared thermal imager. From the experiments results calculated with 
power source of 60 mA, the WLED has the QDs-on-phosphor form WLEDs attained 110 Im/W in LE, and 
Ra=92, R9=80 in color rendering index (CRI), whereas the WLEDs which has the phosphor-on-QDs form 
achieved 68 Im/W LE, Ra=57, and R9=24. Furthermore, WLEDs which has the QDs-on-phosphor form has 
better thermal performance than the other structure even highest heat generated from the QDs-on-phosphor is 
lower with the highest discrepancy of 12.3°C. Therefore, when choosing device configuration, the QDs-on- 
phosphor is apparently the better option considering the optical efficiency, color quality and consistency as 
well as thermal performance. 
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